Background: Aerobactin is a critical factor for the hypervirulent Klebsiella pneumoniae (hvKp), but data for the aerobactin-positive genotype of hvKp in elderly persons with ventilator-associated pneumonia (VAP) is limited. The purpose of this study is to understand the risk factors and characteristics of the hvKp genotype for elderly patients with VAP.
Background
Ventilator-associated pneumonia (VAP) is the most frequent life-threatening nosocomial infection in critically ill patients [1, 2] . Klebsiella pneumoniae (Kp) is one of the most common gram-negative bacteria causing hospital infections, especially various notoriously fatal infections. Kp includes two distinct groups: hypervirulent (hvKp) and classical (cKp). One of the characteristics of cKp is acquiring an antibiotic-resistant gene. The other type is hvKp, which is traditionally defined as hypermucoviscosity by string test, inducing aggressive invasive community infection, bloodstream infection, and pyogenic liver abscesses (PLA) for immunocompetent ambulatory younger adults with no underlying diseases [3] [4] [5] [6] . However, the definition of hvKp by string test is controversial [7, 8] . Previous studies showed that certain hypermucoviscous K. pneumonia (hmvKp) strains are not closely related to high virulence in in vitro and in vivo models [7, 8] . Thus, to differentiate hvKp from cKp by the hypermucoviscosity phenotype alone may be inappropriate [9, 10] . Recently, aerobactin, a dominant component of the siderophore system, has been established as a critical virulence factor for the hvKp genotype [3, 10, 11] . A previous multi-centre study in China targeting middle-aged patients, illustrated the clinical and molecular characteristics of hvKp (defined as aerobactin positive) infection [10] . However, the data for the hospital infection in the elderly with hvKp VAP, who commonly suffer from various underlying disease and nutritional complications, is rare.
Although most previous studies demonstrated that hvKp is sensitive to most antibiotics, which is prominently different from cKp strains, the multi-drug resistance (MDR) and extended-spectrum-β-lactamase (ESBL)-producing hvKp, especially those resistant to colistin and carbapenems, are emerging in China [12] [13] [14] . However, there are not enough referable data for the elderly with VAP due to antimicrobial-resistant hvKp.
To date, no data about the clinical and microbiological characteristics of VAP caused by the hvKp genotype in the elderly have been demonstrated. The aim of this study was to further investigate the clinical characteristics of elderly patients with hvKp infection and microbiological features and the epidemiology of multi-centre hvKp. Therefore, we conducted a retrospective study in two tertiary hospitals focusing on the genotype of hvKp (defined as aerobactin positive) in China.
Methods

Patients
A retrospective study was conducted on 73 Kp culture-positive patients diagnosed from November 2008 to December 2017 at two tertiary hospitals: Beijing Tsinghua Changgung Hospital and Chinese PLA General Hospital. These two hospitals are located in Beijing, and the capacity of the hospitals is more than 800 beds. Patients currently receiving mechanical ventilation were included in this study. The definition of VAP is according to the 2016 ATS guideline [15] . Standard bronchoalveolar lavage and aspiration were achieved. The clinical characteristics, including underlying disease, infection type, nutritional status, mortality in 30 days, and sequential organ failure assessment (SOFA) were collected. The primary outcome of this study was to investigate the 30-day mortality of hvKp infection in the elderly with VAP compared with that of the cKp group. Additionally, the white blood cell count (WBC) and neutrophil percentage (NEU%) were applied as primary inflammatory factors. Total protein (TP) and albumin (ALB) were used to evaluate the nutrition status. The main inclusion criteria were 1) the definition of the elderly as 65 years old or older (≥65 year) and 2) at least one K. pneumoniae-positive culture. The exclusion criteria was 1) insufficient clinical data or bacterial strain sample storage and 2) cases of co-infection.
Clinical Kp strains
All isolates were stored at − 80°C and identified by the API 20 NE system and the VITEK II system. Further species identification was confirmed by 16S rRNA gene sequencing. HvKp is defined as aerobactin positive. The hypermucoviscous phenotype was detected by the string test as described previously [16] .
Antimicrobial susceptibility testing and phenotypic detection of ESBLs
Antimicrobial susceptibility testing was performed, and the results were interpreted according to 2017 Clinical and Laboratory Standards Institute (CLSI) guidelines. The antibiotics include amikacin, gentamicin, tobramycin, Sulbactam/sulbactam, aztreonam, cefazolin, cefepime, ceftriaxone, ceftazidime, ciprofloxacin, levofloxacin, piperacillin/tazobactam, and trimethoprim/sulfamethoxazole. ESBL was detected by an agar dilution test using ceftazidime and cefotaxime combined with clavulanate according to the CLSI guideline [10] . The definition of an MDR strain is resistance to three or more different antimicrobial categories, as described previously [17] . The carbapenem-resistant (CR) phenotype is defined as resistant to both imipenem and meropenem.
Detection of virulence-associated gene
Genomic DNA of all Kp isolates was extracted. RmpA, rmpA2, magA, aerobactin and the capsular serotype-specific (cps) genes (K1, K2, K5, K20, K54, and K57) were detected by polymerase chain reaction (PCR) as described previously [10, [18] [19] [20] . The primers are listed in Table 1 .
Multilocus sequence typing (MLST) for Kp
Seven housekeeping genes (gapA, mdh, phoE, tonB, infB, pgi and rpoB) were detected by PCR according to the MLST website (http://bigsdb.pasteur.fr/klebsiella/ klebsiella.html) ( Table 1) . Allelic profiling and sequence types (STs) were also performed using the above website. Moreover, to further distinguish the relationship among different STs, phylogenetic analysis of the seven spliced housekeeping genes for these isolates that contributed to mortality was performed by the neighbour-joining method (MEGA 6.0). The common STs, including ST1, ST11, ST37, ST258 and ST412, were used as a reference.
Statistical analysis
SPSS software (version 20.0) was employed for data analysis. Measurement data was assessed as the means ± standard deviation (SD). The count data were analysed as percentages. Continuous variables were analysed by Student's t-tests and the Wilcoxon rank-sum tests. Categorical variables were analysed by the χ 2 or Fisher's exact tests. Univariate logistic regression analysis was performed for the risk factors. A multivariable logistic regression analysis was conducted for independent risk factors (the variables with P<0.05 were included). All tests were 2-tailed. A p-value<0.05 was considered significant.
Results
Clinical characteristics
Seventy-three Kp culture-positive patients were diagnosed at the two hospitals from November 2008 to December 2017 (Table 2) . Thirty-four (46.6%) strains were hvKp, and 37 (50.7%) were hmvKp. Most of the patients (67, 91.8%) presented with sepsis, and 24 patients (32.9%) were diagnosed with septic shock. Sixty-six (90.4%) were males, and the mean age of patients in this study was 84.96 ± 8.33 years. Patients with cancer (38.2% versus 7.7%; P = 0.004), surgery history within 1 month (23.5% versus 5.1%; P = 0.023) and digestive diseases (29.4% versus 10.3%; P = 0.046) were more likely to be infected with hvKp. Although host responsibility (WBC and NEU%) and nutritional status (TP and ALB) were not significantly different at the primary endpoint (30-day mortality), the SOFA scores of the patients with hvKp were notably higher at 30-day mortality (8.94 ± 3.03 vs 6.62 ± 2.09, P = 0.000) ( Table 2 ).
Genetic and phenotype characteristics: hvKp vs cKp
It is noted that hypermucoviscosity was strongly clustered in the hvKp group (P < 0.001). Our results showed that K1, rmpA, rmpA2 and magA were highly clustered in hvKp (P < 0.001), but K2, K5, K20, K54, and K57 were not associated with hvKp (P = 0.073, 0.213, 1.000, 0.096 and 0.849, respectively). Additionally, there is no isolate in the cKp group with K5 or K54 (Table 3) .
Antimicrobial resistance analysis and detection rate of ESBL-producing Kp isolates
All Kp strains were resistant to Sulbactam. Most of the hvKp isolates represented a higher antimicrobial sensitivity rate to most of the antibiotics than cKp, except cefepime, ceftriaxone, ciprofloxacin, levofloxacin, imipenem, meropenem, and amikacin ( (Table 5) .
MLST genotypic analysis
New STs were not detected among the 73 Kp isolates. The most prevalent ST in this study was ST23 (n = 15; 20.5%), followed by ST412 (n = 5; 6.8%), ST17 (n = 4; 5.5%), ST37 (n = 3; 4.1%), and ST2906 (n = 3; 4.1%). The above STs accounted for 41.1% (30/73) of the total strains. Among the prevalent STs, 73.3% ST23 (11/15), 60.0% ST412 (3/5), and 100% ST17 (4/4) were hvKp. The detailed features of patients with prevalent hvKp are shown in Table 6 . The CR-hvKp distributed in ST17 (n = 2), ST23 (n = 1), ST347 (n = 1), ST412 (n = 1), ST2874 (n = 1), and ST2905 (n = 1). The most common clone complex (CC) of the CR-hvKp was CC17 (N = 2). The phylogenetic tree demonstrated the relationship between the prevalent STs in our study and the common STs in the world (Fig. 1) .
Discussion
To our knowledge, this is the largest multi-centre study focusing on elderly patients with VAP due to hvKp in China. Nearly half (46.6%, 34/73) of the hvKp-induced VAP in the elderly patients occurred among mechanically ventilated patients. The hvKp group showed a higher severity of disease than did the cKp group. The primary virulence factors, such as K1, rmpA/A2, and magA, were highly clustered in the hvKp group. ST23 was the most prevalent ST in two hospitals. However, the ST23 isolated in different hospitals was not highly associated with the aerobactin genetic background or hypermucoviscous phenotype, and it was concluded that just relying on STs to identify hvKp may be not appropriate. In our study, 50.7% of K. pneumonia isolates were identified as hypermucoviscous by the string test experiment, which is higher than that in a previous retrospective study conducted in a single centre in China, with a prevalence of 33% [16] . Thus, plasmid type, biofilm production, serotypes and the ability to induce inflammatory factors may be needed to further define hvKp. The prevalence of hvKp may be incorrectly estimated because of the lack of definite and objective diagnostic methods. Aerobactin was considered a potential virulence trait for the hvKp genotype in in vitro and in vivo models [3] . Importantly, previous studies showed that the hvKp genotype (aerobactin-positive) often induced more serious invasive infection [10, 11, 21] . Previous studies reported that the detection rate of hvKp ranged from 4.5 to 37.8% in various clinical specimens [7, 10, 16, 19, 22] . In this study, 34 isolates (46.6%) were defined as hvKp due to aerobactin-positivity, which is the highest incidence for hospital-acquired infection (HAI) caused by the hvKp genotype. It is noted that the detection of the hvKp genotype in this study was also higher than that in previous multicentre studies(37.8%) based on adults [10] and a single centre retrospective study (28.6%) focusing on VAP [23] . It is concluded that hvKp may emerge as a major pathotype for elderly with VAP in the two hospitals.
Additionally, capsular serotype-specific genes are essential factors for K. pneumoniae. To date, various types of K-antigen have been reported [20, 24, 25] . In Asia, K1 and K2 are the most important elements, inducing severe infections. However, they are not the unique trait for hvKp [26] [27] [28] [29] . Previous studies demonstrated that K1 distribution in hvKp ranged from 23 to 98% in various specimens in various populations [29] [30] [31] [32] [33] . The detection rate of K2 in hvKp ranged from 10 to 46% [16, 31, 33] . Moreover, a previous single centre study focusing on VAP showed that K1 and K2 among hvKp accounted for 42.9 and 21.4%, respectively [23] . The above data implied that K1 might be highly associated with hvKp compared with K2. In our study, half of the hvKp (50%) isolates were associated with K1, and K2 was detected in 7 hvKp isolates (2.9%), which was consistent with previous studies. In addition to K1 and K2, there were no significant difference between hvKp and cKp in K5, K20, K54, and K57 due to small specimens. Moreover, rmpA/rmpA2 and magA genes responsible for the hypermucoviscous phenotype were proposed as virulence factors in addition to major cps K1/K2 [5, 19, 30, 34] . In our study, 2 hvKp isolates inserted rmpA did not show hypermucoviscosity. It is implied that there might exist other regulatory mechanisms for hypermucoviscosity. Importantly, our results are consistent with previous study: most of the dominant virulence-associated factors (K1, rmpA/A2 and magA) and hypermucoviscosity are highly clustered in the hvKp group [10] .
Although there was no significant difference in sepsis incidence and mortality between the two VAP groups, the incidence of sepsis shock and SOFA score was higher than those in the cKp group. Thus, to further understand the risk factors for hvKp, timely and appropriately prevention is essential. Our results showed that elderly patients with cancer, digestive disease and surgery history within 1 month were more likely to be infected with hvKp. Moreover, cancer history was an independent risk factor for VAP-hvKp infection in the elderly, and cancer patients should be monitored more intensively to prevent infection due to immunocompromise, which may also be a critical factor for VAP-hvKp [10] . Previous multi-centre study of the hvKp genotype based on adults in China concluded that diabetes and cancer were independent risk factors for hvKp [10] . However, the incidence of diabetes (50.7%, 37/73) in our study is far more than previous multi-centre study focused on adults (17.0%, 39/230) [10] . This may be the characteristics of the elderly who often suffer from various underlying diseases. Additionally, a previous study concluded that major histocompatibility complex (MHC) variants, nutritional status, and the gut microbiota might be potential host factors for improving the understanding of the hypervirulence phenomenon [9] . Although the incidence of septic shock and SOFA score in our study were higher than those of the cKp group, there was no significant difference in the nutritional status (TP and ALB) and inflammatory reaction (WBC and NEU%), which was consistent with a previous study [23] . Thus, other inflammatory factors may be needed to screen as a marker for elderly patients with VAP-hvKp.
Previous studies revealed that most cKp and antimicrobial-resistant patterns were overlapping, which is not frequent in hvKp [10, 16] . In this study, most of the hvKp isolates were sensitive to most of the above antibiotics. However, in the hvKp group, the number of ESBL-hvKp (41.2%) and MDR-hvKp (38.2%) is significantly higher than that in previous studies [10, 23] . It is alarming that MDR-hvKp may prefer to induce VAP in the elderly. Moreover, eight CR-hvKp isolates were identified as another "superbug". Taken together, these data revealed that MDR-hvKp is emerging among elderly patients with VAP, which needs to be confirmed by further investigations in larger populations. The CR-hvKp isolates were not detected in the nosocomial environment by routine nosocomial infection surveillance. Additionally, the composition of the gut microbiota was unclear because anal swabs were not applied for nosocomial infection surveillance. Previous study suggested that wards previously infected with CR-hvKp should be disinfected and left unoccupied for more than 2 weeks [12] . It may be a good choice to prevent fatal outbreaks of infection, especially in critically ill and immunocompromised elderly patients with mechanical ventilation.
The main limitation in our study is that it is a retrospective study from over 10 years. Although this study included two large tertiary hospitals, fewer patients with VAP-hvKp were included. However, this study is the largest cohort to investigate the clinical and microbiological characteristics of elderly patients with VAP-hvKp to now. Additionally, most of the key inflammatory factors, nutrition statue markers and environmental samples were not achieved. Moreover, the expression of aerobactin is unclear. Whole genome sequencing, transcriptomics and proteomics may be needed for further study to identify genetic expression.
Conclusions
HvKp is emerging as a common pathogen of VAP in the elderly in China. There is various epidemiology of VAP-hvKp in different hospitals. Although STs may not be associated with hvKp, ST23, ST37 and ST2906 are more likely to induce poor prognosis. Although the definition of hvKp is still controversial, the hvKp genotype is more likely to cause septic shock and a higher SOFA score. The emerging MDR-hvKp, especially CR-hvKp, will be a "superbug", which is a great challenge for clinicians. It is essential to enhance clinical awareness and infection surveillance for various hvKp infections, especially in immunocompromised elderly patients.
